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ABSTRACT 

We present VLT/FORS2 spectroscopy and GROND optical/near- IR photometry of the afterglow 
of the bright Fermi/LAT GRB 090926A. The spectrum shows prominent Lyman-a absorption with 
Yhi = 10 2173±0 07 cm -2 and a multitude of metal lines at a common redshift of z — 2.1062 ± 0.0004, 
which we associate with the redshift of the GRB. The metallicity derived from SII is log(.ZyZo) ps —1.9, 
one of the lowest values ever found in a GRB Damped Lyman-a (DLA) system. This confirms that 
the spread of metallicity in GRB-DLAs at z » 2 is at least two orders of magnitude. We argue that 
this spread in metallicity does not require a similar range in abundances of the GRB progenitors, 
since the neutral interstellar medium probed by the DLA is expected to be at a significant distance 
from the explosion site. The hydrogen column density derived from Swift/XRT afterglow spectrum 
(assuming log(Z/Z Q ) w —1.9) is approx. ps 100 times higher than the A/hi obtained from the 
Lyman-alpha absorptions. This suggests either a large column density of ionized gas or a higher 
metallicity of the circum-burst medium compared to the gas traced by the DLA. We also discuss the 
afterglow light curve evolution and energetics. The absence of a clear jet-break like steeping until at 
least 21 days post-burst suggests a beaming corrected energy release of E 7 > 3.5 x 10 52 erg, indicating 
that GRB 090926A may have been one of the most energetic bursts ever detected. 

Subject headings: gamma rays: bursts - X-rays: individual (GRB 090926A) 



1. INTRODUCTION 

For the brief moments of their existence, Gamma- 
ray Bursts (GRBs) and their X-ray/optical counter- 
parts are the brightest beacons in the Universe. The 
afterglow luminosities and simple power law shaped 
spectra make them ideal background lights for prob- 
ing the conditions in their host galaxies and in inter- 
vening systems through absorption line spectroscopy. 
Although the afterglows fade away within hours to 
days, rapid follow-up observations have been per- 
formed for a number of GRBs and have revealed tell 
tale features of the circum-stellar medium around the 
progenitor and the interstellar medium (ISM) (e.g., 
ICastro et al. I I2003D . These studies pro vided other 
wise hidden details of the kinematics ( e.g., iKlose et al." 
2004: iFox et al. Il2008l ). excitation fe-g.- IVreeswiik et al. 
20071) , dust and gas conte nt (e.g., ISavaglio fc Fall 
20041 : iProchaska et al. 1 120061) and the chemical abun- 
dances (e.g.. ISavaglio et al. 1 12003 iFvnbo et al~l I2006T) 
in the star-forming, low-mas s galaxies that host GRBs 
(e.g.. iLe Floc'h et al. I 120031: IChristensen et al~l 12004 
iRau et al. Il2005t ISavaglio et al. Il2009t ). 

In this paper we present photometric and spectroscopic 
follow-up observations of the bright GRB 090926A, 
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concentrating on the energetics of the burst and the 
chemical enrichment traced by the optical afterglow. 
GRB 090926A was discovered by the Gamma-ray Burst 
Monitor (GBM; iMeegan et al. II2009H onboard the Fermi 
Gamma-ray Space Telescope on 2009 September 26 
at T =04:20:27UT and belongs to th e long-duration 
class (T 90 = 20 ± 2 s, IBissaldi 1 120091 ) . Further de- 
tetections of the prompt emission were reported from 
Fermi/LAT (lUehara et aT~ll2009t IBissaldi et al. 1120091) , 
Suzaku-WAM. dNoda et al. I l2009| ) and Konus-Wmd. 
dGolenetskii et al. 1 120091) and the X-ray (Swift/XRT, 
iVetere et al. 1 12009ft and optical (Swift/UVOT , Gron- 
wall et al. 2009; Skynet, Haislip et al. 2009a) 
afterglows were also detected. A redshift of z = 
2.1062 was measured w ith VLT/X-Shooter observations 
(|Malesani et al. II2009D 

Throughout the paper, we adopt concordance ACDM 
cosmology (Q M = 0.27, Q A = 0.73, H = 71 (km s" 1 ) 
Mpc -1 ), and the convention that the flux density of the 
GRB afterglow can be described as F v oc v~^t~ a . 

2. OBSERVATIONS AND DATA ANALYSIS 

2.1. Photometry 

Our follow-up photometry was initiated on 2009 
September 27.03 UT (73 ks post-trigger) once the X-ray 
afterglow had been localized and its position became 
accessible with the 7-band G amma-ray Optical/N ear- 
Infrared Detector (GROND; iGreiner et all I2008D on 
the MPI/ESO 2.2 m telescope at La Silla, Chile. Ob- 
servations continued until 28 days post-burst (see Ta- 
ble 4,5 & 6). Due to technical problems with the 
near-IR channels, observations in J and H started 
only in the third night, and ifg-band imaging is avail- 
able only from the fourth night on. The afterglow 
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TABLE 1 

Log of GROND near-IR photometry 



T m id — To 


Exposure [s] 




Brightness" 




[ks] 


w 




magAB 6 








J 


H 


K s 


265.36 


120 x 10 


19.44 ± 0.04 


19.24 ± 0.04 




331.98 


120 x 10 


19.88 ± 0.04 


19.52 ± 0.04 


19.27 ± 0.09 


356.28 


120 x 10 


20.03 ± 0.04 


19.77 ± 0.07 


19.55 ± 0.09 


419.06 


120 x 10 


20.01 ± 0.06 


19.80 ± 0.07 


19.57 ± 0.13 



"Corrected for Galactic foreground reddening and converted to 
AB magnitudes 

b For the SED fitting, the aditional error of the absolute calibra- 
tion of 0.05 (J and H) and 0.07 (Kg) mag was added quadratically 



was detected in all seven bands (g'r'i' z' JHKs), as 
expected from the spectroscopic redshift. The best 
localization was measured to be aj2ooo=23:33:36.04, 
£72000 =— 66:19:26.6 with a systematic uncert ainty of 0'.'2 
compared to US NO-B1 (Monet et ai~l 120031) . consistent 
with the Skynet llHaislip et al. I l2009blf and Swift/VVOT 
(Oates fc Vetere I2009D afterglow positions. 

The GROND data were reduced and analyzed with 
the standard tools and methods described in Kriihler 
et al. (2008). The afterglow photometry was ob- 
tained using point-spread-function (PSF) fitting and cal- 
ibrated against observations of the standard star field 
SA1 15-420 (g'r'i ' z') o r against selected 2MASS stars 
(Skrutskie et al. I I2006D (JHK S ). This resulted in la 
accuracies of 0.04 mag (g'z'), 0.03 mag (r'i'), 0.05 mag 
(JiJ), and 0.07 mag (Ks). All magnitudes are corrected 
for Galactic foregrou nd reddening of Eb-v = 0.03 mag 
(|Schlegel et al. Ill998l) . 



2.2. Spectroscopy 

Optical spectroscopy of the afterglow started on 2009 
September 27.08 UT (78 ks post-burst) using the FO- 
cal Reducer and low disp ersion Spectrograph 2 (FORS2; 
lAppenzeller et al. I Il998t ) mounted on the 8.2 m ESO- 
VLT UT1 telescope in Paranal, Chile (Program ID: 
083.D-0903). We obtained 2 x 1800 s integrations using 
the 600B grism (3600 A- 6300 A coverage) and a long slit 
of l'.'O width. The average seeing was ks 0'/75 resulting 
in an effective spectral resolution of ~ 4.5 A FWHM at 
4500 A, or » 300 kms" 1 . 

Th e data were reduced with standard IRAF (Tody I 
Il993f) routines, and spectra were extracted using an op- 
timal (variance-weighted) method. Wavelength calibra- 
tion was achieved using HeHgCd arc lamp exposures 
where a fit of 13 arc lines left 0.3 A root-mean-square 
residuals. Spectro-photomctric flux calibration was car- 
ried out against observations of the standard star Hz2 
(Oke, unpublished 6 ) taken on 2009 September 21.39 UT 
7 . Corrections for slit losses due to finite slit width and 
for Galactic foreground extinction were applied. 

3. RESULTS 



6 www.eso.org/ sci / observing/tools / standards / spectra/hz2.html 

7 No suitable spectro-photometric standard star calibration 
frames have been obtained closer to the time of the afterglow ob- 
servation. 



3.1. Afterglow Spectral Energy Distribuion & Light 

Curve 

Figure [T]and Figure [2] show the optical/near-IR to X- 
ray spectral energy distributions (SEDs) compiled at ap- 
prox. T +84ks, +290 ks, and +1.3 Ms, and the afterglow 
light curve, respectively. Here, the Swift/XRT data had 
been extracted using the standard xrtpipeline task. The 
three SEDs are best described by simple power laws with 
Pox ~ 1.03 and a rest-frame equivalent hydrogen column 
densities 8 of N H = 3.9toit x 10 21 cm" 2 assuming the 
abundances of Wilms et al. (2000). The spectral slope 
derived from a power law fit to the optical/near-IR data 
alone (0-98±g;g|, x 2 =l-8 for 5 d.o.f. ) is consistent with 
the fit including the X-ray data, indicating very little in- 
trinsic dust reddening. Fo r the Small Magellani c Cloud- 
like dust attenuation law (jBouchet et al. Ill985t ) we find 
a constraint of Ay ost < 0.1 mag at 90% confidence. The 
absence of the characteristic 2175 A bump (would be in 
the r' band) similarly restricts a Large Magellanic Cloud 
or Milky Way-like dust. 

For the light curve analysis we simultaneously fit 
the 0.3-10 keV data o btained from the Swift/XRT 
light curve repository (|Evans et al. I [2007) and the 
GROND optical/near-IR photometry, c omplemented by 
Swift/WOT w-band measurements (Oates k, Vetere I 
2009). Here, we used a model consisting of several 
smoothly connected broken powerlaws following the de- 
scriptions of Beuermann et al. (1999) and Lia ng et al. 
(2008 ). XRT observations started at T +46.6ks (Vetere I 
2009) and revealed an initially decaying light curve with 
ai = 1.6 ± 0.2, consistent with the early UVOT pho- 
tometry. This decay slope is at the boundary of the 
distrib utions of typically fou nd pre- and post-jet-break 
slopes (jRacusin et al. 1 120091 ) . In the pre-jet scenario a% 
would be r oughly consi stent with the closure relations 
(/3 = 2a/3, iPiran |[2004f ) for the normal slow-cooling de- 
cay m_&cons^nt_lSM with the cooling break frequency, 
v c (Sari et al. 111998ft . being above the XRT band. The 
corresponding electron index would be p = 2/3 + 1 pa 3. 
In the post-jet-break case the closure relations for a con- 
stant ISM and v c < v (/3 = a/2) would be similarly well 
fullfilled. In this case, the electron index would lie closer 
to the canonical value, p = 2/3 « 2. 

As reported by Haislip et al. (2009a), around 
Tb+(72.9 ± 0.7) ks the afterglow brightened again with 
a slope of oi2 — —2.7 + 0.3 before peaking at To + (81.7 + 
0.3) ks and then returning to the decay with a% = 1.63 ± 
0.01. A second, similar, re-brightening episode likely oc- 
cured between w T + 180 ks and » T + 250 ks. However, 
only the subsequent decay with a 5 = 1.75 ± 0.04 is cov- 
ered by our optical/near-IR data and the significant scat- 
ter in the X-ray light curve prevents a better constraint 
on this transition period. Deviations from simple power 
law light curves are commonly observed in well-sampled 
afterglows and can be attributed to a variety of scenar- 
ios. The smooth rises and relatively constant (through- 
out the observed period) decay slopes suggest that the 
re-brightnening in GRB 090926A could have been pro- 
duced by multiple energy injection episodes, similar to 
the model of Bjornsson et al. (2004) for GRB 021004 
(|de Ugarte Postigo et al. I [200 5) . Alternative scenarios 

8 Assuming solar metallicity. 
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Fig. 1.— Combined GROND and Swift /XRT spectral energy 
distribution of the afterglow at « To + 84ks (interval I in Figure[2]|, 
« T + 290 ks (II), and » T + 1.3 Ms (III). Single power laws, 

modified by N H = 3.9^0.36 x W 21 cm ~ 2 at the redshift of the burst 
in addition to the Galactic foreground extinction of 2.8 X 10 20 cm -2 
UKalberla et al. 1120051 ), fit best. The resulting slopes are 1.02+^:02 
(I, 90% uncertainty, x 2 =21.3 / 24 d.o.f.), 1.051^2 ( n > 7.0/10), 
and 1.04+° °| (III, 2.6/3). Residuals to the fits are shown in the 
bottom panel. 



include processes intrinsic to the forward shock or re- 
lated to discontinuit ies in the circumburst medium (e.g., 
lLazzati et aT~ll2002j ). 

Our data suggest no jet-break- like steepening of the 
light curve before 21 days post-burst (3<r). However, we 
can not rule out a jet break prior to the start of the af- 
terglow observations at approx. To + 50 ks (To + 16 ks 
in the host frame). While possible, this would be com- 
parably early. It appears more likely that XRT and 
GROND traced the normal spherical decay of the af- 
terglow. Assuming the simplified model of a uniform jet 
plowing into a constant ISM en vironment 9 (|Sari et al. I 
[19991: 1b urrows fe Racusin~ll2006| ). this implies a jet open- 
ing angle of 8 >9.9° and a beaming factor of b w 
9 2 /2 > 0.015. The lOkeV-lO GeV fluence oyer T 9 f) was 
(2.47 ±0.03) x 10~ 4 erg cnT" 2 (jBissaldi et al. 1120091) . cor- 
responding to a total isotropic gamma-ray energy equiv- 



alent of E 7 ,, so = (2.38 ± 0.02) x 10 54 erg at lOkeV 
lOMeV rest frame energies. The equivalent jet angle- 
corrected energy then amounts to E 1 > 3.5 x 10 52 erg and 
would place GRB 090926A fi rmly among the mos t ener- 
getic bursts known (see a lso ICenko et al. Il2010l) . corn- 



arable to GRBs 060 418 (jCenko et al. 
Grciner et al. 



20091) . 080916C 



2010). 



l2009f ). and 090902B (jMcBreen et al. I 



3.2. Afterglow Spectrum 

The afterglow spectrum (Figure [3]) displays a promi- 
nent Lyman-a absorption as well as numerous metal ab- 
sorption lines at a common redshift of z = 2.1062±0.0004 
(see Table [2] and Figure [6]). Finally, two interven- 
ing absorption systems at z = 1.748 ± 0.001 and z = 
1.946 ± 0.001 were localized based on the detection of 
CIVAA1548, 1550 doublets (see Table E]). 

9 Assuming a number density of the ambient medium of 1 cm -3 
and a radiative efficiency of 10 %. 
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light curves. The dashed lines show a simplified model consisting 
of five smoothly connected powerlaws with slopes ai = 1.6 ± 0.2, 
a 2 = -2.7 ± 0.3, a 3 = 1.63 ± 0.01, a 5 = 1.75 ± 0.04 and break 
times Ti = T + (72.9 ± 0.7) ks, T 2 = T + (81.7 ± 0.3) ks, 
T 3 « T + 180 ks, and T 4 « T + 250 ks (a 4 , the rising slope 
leading to the peak around T4 is not constrained by our data). 
The smoothness parame ters connecting the pow er law segments 
were fixed to 10 (see also Bcucrmann et al. 1999). Time intervals 
for the SEDs in Figure [T] are shown as gray regions. Residuals are 
shown in the bottom pannel. Data are not corrected for Galactic 
foreground extinction. 



The column density of neutral hydrogen (HI) was ob- 
tained from the best fit Voigt profile to the damping 
wings of the Lyman-a absorption feature (solid line in 
Figured]) letting the redshift vary in the range measured 
from the metal lines. The dashed lines show the 1-a un- 
certainties for a fixed continuum fit. Systematic effects of 
the continuum placement may lead to sightly larger un- 
certainties. With Ahi = 10 21 ' 73±0 07 cm~ 2 , the resulting 
neutral hydrogen column density is simila r to the median 
value observed in GRB af terglows (e.g., ?W atson et al. I 
[2lM[F^7nb"o et al. Il2009l ). 

Column densities of metals we re estimated u sing the 
curve of growth (COG) analysis (Sp itzer |[l978l ). and, if 
appropriate, the apparent optical depth (AOD) method 
(jSavage fc Sembach I Il99l . The COG analysis is rou- 
tinely applied when high-resolution and high signal-to- 
noise spectroscopy is not available. It provides reliable 
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Fig. 3.— Observer frame VLT/FORS2 spectrum of the afterglow of GRB 090926A obtained 20hrs post-burst. The 2-dimensional 
spectrum is shown at the top with telluric features remaining, while the fully-reduced 1-dimensional spectrum is presented in the bottom 
panel. Labels mark the most prominent absorption lines at a common redshift of z = 2.1062 ± 0.0004, as well as CIV in two intermediate 
systems at (1) z = 1.748 ± 0.001 and (2) z = 1.946 ± 0.001. The background variance spectrum is shown by the bottom gray line. 
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Fig. 4. — Lyman-a absorption at the redshift of the GRB 
host galaxy. The best fit of the damped profile with JVhi = 
^q21.73±0.07 cm — 2 j s snown as continuous line, while the dashed 
contours indicate the 1-cr uncertainties (see text). 



results trough the linear approximation when the equiv- 
alent width of a line is EW< 0.1 A and the effective 
Doppler parameter is b > 20 km s _1 . For stronger lines, 
the COG requires the detection of at least several lines 
with different oscillator strengths of the same ion. The 
AOD method is used for moderate to low EWs, pro- 
vided that the effec tive Doppler parameter is not very 
low (6 > 10km s-^ lProchaskaet al. IfeOOTl) . As an ex- 
ample, we applied the linear approximation of the COG 
and the AOD method to the weak SiIIA1808 line seen the 
spectrum of GRB 090926A. The resulting column den- 
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Fig. 5. — Curve of growth of low-ionization species in the DLA 
at z=2.1062. The effective Doppler parameter b = 21.5 km s~ x 
has been obtained from the multiple absorption lines of Sill and 
adopted for all other ions. 



sity is consistent with the COG analysis of all transitions 
of Sill (see Tabled]). 

For the spectrum shown in Figure [3J the best esti- 
mate for the effective Doppler parameter comes from Sill 
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TABLE 2 

Line properties of the z = 2.1062 ± 0.0004 absorption system. 



Ion 


^obs 




2 


EW r 


\ogN x 


b 


[v /TT1 

[X/H] 




(A) 






(A) 


[cm J 


(km s J 




HI 


3775.9 








21.73 ± 0.07 






CIIA1334+CII*A1335 


4146.9 


2 


1064 


0.720 ± 0.047 a 








A 1TT\ 1 C7D 

AlllAlO / U 


5189.2 


2 


1059 


r\ ac~\ _l_ n nQK 
0.461 ± O.OoO 


1 a c\a _l_ n a 
14.00 ± U.Z4 


i> 


010 _L not; 


A lTTT \ 1 QKA 


( OU.y 



Z 


1UOU 


U.l (0 ± U.Uoz 


lo.zo ± U.Uo 


b 




A lTTT \ 1 
AllllAloOZ 


1 00. y 


Z 


1UOU 


U. 14o it U.Uol 








g;tt \ 1 ofin 
O111A1Z0U 





Z 


1UOU 


U.4Z1 ± U.Uo ( 


1 /i (17 _i_ n oft 
14. y / ± U.ZD 


ZT.O ± z.4 


— Z.Zi ± U.z ( 


c;TT \ 1 qri/1 
0111A10U4 


4UDO.U 


Z 


1U / 


^ (\ A 7C 
< U.4( 








g;tt \ 1 KOR 
olllAlozO 


/I 7/1 1 Q 

4/ 41.o 



Z 


1UDO 


< U.o4 








q;tt \ i cno 
olllAloUo 


ODID.O 


Z 


1UOZ 


U.UOO ± U.UoO 


d 






SiII*A1264 


3928.5 


2 


1062 


< 0.39 c 








SiII*A1309 


4066.0 


2 


1055 


0.074 ± 0.040 


13.71 ±0.13 






SiII*A1533 


4762.6 


2 


1059 


0.172 ±0.037 








OIA1302 


4045.2 


2 


1064 


0.315 ±0.042 


15.40+g;^ 


b 


rjo + 0.38 
°- uz -0.28 


FeIIA1608 


4996.2 


2 


1062 


0.194 ±0.038 


14.36 ±0.14 


b 


-2.86 ±0.16 


SIIA1250 


3881.9 


2 


1055 


0.070 ± 0.030 


14.96 ±0.15 


b 


-1.89 ±0.16 


SIIA1254 


3884.8 


2 


1064 


0.093 ± 0.031 








NiIIA1317 








< 0.114-f 








NiIIA1370 








< 0.219 c < e 








NiIIA1741 








< 0.110 e 


< 14.1-f 


b 


< -1.8 


ZnIIA2026 








< 0.152 e 


< 13.0^ 


b 


< -1.2 


CIVA1548 


4808.5 


2 


1059 


0.511 ±0.040 


15.851JJ 23 


b 




CIVA1550 


4816.9 


2 


1061 


0.491 ±0.038 








SiIVA1393 


4329.5 


2 


1064 


0.507 ±0.040 


14 13+ - 20 


42 +79 




SiIVA1402 


4357.0 


2 


1059 


0.366 ± 0.037 








NVA1238 








> 0.153 


> 13.8 






NVA1242 


3860.9 


2 


1065 


0.248 ±0.030 


14.85tg;S 


b 





a The two lines are blended. 

^Effective Doppler parameter b = 21.5 km s _1 is fixed. 
c The line is likely contaminated. 

d The Apparent Optical Depth method from Savage & Sembach 
(1991) gives logTV = 15.03 ± 0.25 cm~ 2 for S1IIAI8O8. 
e 3<7 upper limit. 

' 3<r upper limit from EW upper limit. 



TABLE 3 
Intervening absorption systems. 



Ion 


-^obs 


z 


EW r 




(A) 




(A) 


CIVA1548 


4254.1 


1.7477 


0.192 ±0.039 


CIVA1550 


4261.0 


1.7478 


0.175 ±0.039 


CIVA1548 


4560.7 


1.9457 


0.156 ±0.041 


CIVA1550 


4568.1 


1.9458 


0.067 ±0.038 



(b = 21.5 ± 2.4km s -1 , Figure [SJ which was also adopted 
for the analysis of other low ionization lines without con- 
straints on b. The column densities derived using this b 
parameter are strictly correct only for a single absorb- 
ing cloud. If the optical-depth distribution of absorbers 
in not smooth (e.g., bimodal) the resulting metal col- 
umn densities can be underestimated (see iProchaska I 
2006, for a detailed discussion of this caveat). How- 
ever, we note that the b value derived from Sill is small 



compared to previous measuremen t s in GRB afterglow 
spectra (e.g.. ISayaglio fe Fall 1120041: iBerger et al~l 120061: 
IVreeswiik et al. II2006D . ~ 

In a cloud with Njji > 10 20 cm -2 , the ionization level 
of the gas is low and the ioni zation correction can be 
neglected dMeiring et al. 1120 09). In this case, the abun- 
dance of an element X can be approximated by: 

[X/H] = log Nxn/Nm - log(Ax/A H ) (1) 

where Nxii is the column density of singly ionized el- 
ements with ionization potential just above that of hy- 
drogen 10 . 

The abundances of Si, Fe, S, Al and O were found 
between 0.1% and 1 % of the solar value (see Table [2]) 
with the average being \og(Z/Z Q ) « —2.5. However, 
Fe, Al, and Si are potentially depleted. Oxygen suf- 
fers from the saturation region in the curve of growth 
and its column densit y is likely underestimated (e.g., 
IProchaska et al. 1 12003). As Zn is undetected, the least- 

10 In some cases, e.g., O and N, already the ionization poten- 
tial of the neutral element, XI, is above that of hydrogen. Here, 
[X/H] = logATxi/Arn - log(A r x/^H)© can be used. 
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Fig. 6. — Velocity profiles for a selection of metal absorption 
lines. The vertical dotted lines correspond to zero velocity at a 
redshift of z = 2.1062. 



depleted element remaining is S, which suggests a metal- 
licity of \og(Z/Z Q ) « — 1.9 for the absorber. This is one 
of the lowest metallicities measured in a GRB Damped- 
Lyman-a (DLA) spectrum 11 . 

Another interesting finding, although with consider- 
able uncertainty attached to it, is the apparent over- 
abundance of silicon with respect to iron ([Si/Fe] 
= 0.59 ± 0.30), similar to a few previously ob- 
served GRB afterglows (e.g., iProchaska et al. I 120071 : 
Ide Ugarte Postigo et al. I I2009D . One explanation for 
the high [Si/Fe] ratio could be dust depletion of iron. 
The absence of significant dust extinction in the after- 
glow spectral energy distribution makes this scenario 
rather unlikely. Alternatively, this could indicate an a- 
enhancement arising from the different formation time 
scales of a-elements (short lived massive stars) and Fe 
(type la supernovae). We note, that this is in poten- 
tial disagreement with the low oxygen content measured 
in the spectrum. However, as mentioned above, oxygen 
may be saturated and its column density thus underes- 
timated. 

The spectrum also shows a number of higher ionized 
lines (CIV, SilV, and NV) which likely arise from regions 
distinct from those that produce the low-ionization tran- 
sitions. Probable locations for the hot gas component 
are within the star forming regions that hosted the GRB 
and/or in the halo of the host galaxy. In the case of 
Si, singly and highly-ionized species are detected in the 
spectrum. Here, the column density of the latter is low 
compared to that of the low-ionization transition. 

4. DISCUSSION 

11 The current r ecord holder is GRB 050730 at z=3.96 9 with 
\og(Z/Z Q ) rj -2.0 llChen et al. 2005: Starling 'et~aT~|[2005l) . 



4.1. Burst Energetics 

GRB 090926A was likely one of the most energetic 
events in the sample of sixteen bursts detected by both 
instruments onboard Fermi 12 . With a jet-angle corrected 
energy release (for a uniform jet and a constant ISM) 
of E 1 > 3.5 x 10 52 erg (but see caveats described in 
§ EZQ) GRB 090926A is rival ed only by GRB 080 916C 
{E 1 = (3.7 ± 0.1) x 10 52 erg: IGreiner et al. 1 120091) and 
by G RB 090902B (£ 7 > 2.2 x 10 52 erg: IMcBreen et al. I 
l2010f ). This value of E 1 is close to the upper bound 
allowed from a maximally ro tating neutron star in the 
magnetar model (jUsov Ill992h and would instead suggest 
the remnant of GRB 090926A to be a black hole. 

We note that the inferred jet-angle corrected energy 
release depends not only on whether the afterglow ob- 
servations traced the pre-break or post-break slope, but 
also on the assumption for the density distribution of 
the circumburst medium and for the jet geometry. A 
wind-shaped environment 13 would decrease the lower 
limit on the jet angle and th us relax the requirement 
on E^ to > 4.1 x 10 51 erg; (jLivio fc Waxman 1 120001 : 
IGreiner et al. I f2003h . However, the spectral and tem- 
poral slopes are in disgreement with the closure re- 
lation s predicted for the wind m odel (|Chevalier fc Li I 
120001 ) and favour a constant ISM (jPiran Il2004h . Alter- 
natively, E 1 can be reduced by adopting a more realis- 
tic geometry than the top-hat (uniform) jet m odel (e.g., 
iRhoads lfl997T: iPanaitescu k. Meszaros I fl999). A struc- 
tured jet^j[Wlien^FaL^|l99!|) or a multi-component jet 
(e.g., iBerger et al. I |2003D ~ would for instance allow the 
7-ray emission to be tighter collimated than the long- 
wavelength counterpart. A similar discussion has been 
presented by Cenko et al. (2009) for five energetic pre- 
Fermi bursts, indicating that in fact our understanding 
of the jet geometry in GRBs and their energetics is still 
incomplete. More insights into the jet structure require 
an increasing number of well-sampled, multi-wavelength 
afterglow light curves, such as routinely produced by 
Swift and GROND. Radio observations with the upcom- 
ing Expanded Very Large Array are expected to provide 
the first realistic constraint on Ey for a larger sample of 
bursts. 

4.2. Neutral Hydrogen Column Density 

The Nm derived from the Lyman-a absorption is sim- 
ilar to the equivalent Ah estimated from the soft X-ray 
absorption (logAn ~ 21.6; see § 13. 1|) . The latter is dom- 
inated by a-chain elements and thus mainly a proxy for 
the oxygen column density assuming solar metallicity. 
If the oxygen abundance of the gas that causes the X- 
ray absorption were similar to that in the DLA (see Ta- 
ble then the equivalent Ah would be approximately 
two orders of magnitude larger (log Ah ~ 23.7). While 
there is generally no correlation between X-ray and opti- 
cal column densities for GRB afterglows ( W atson et al. I 
2007), the ~ 100 times larger equivalent Ah from the 
X-ray absorption compared to the Lyman-a profile fit 
for GRB 090926A would be one of the most extreme 
cases. It would require the large amount of hydrogen 
missed by the DLA to be ionized. The column density of 



12 Status June 20th 2010 

13 With a progenitor mass loss of 10 — 5 Mq yr~ 
locity of 1000 km s" 1 dChiosi fc Maeder \\JMB) . 
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Fig. 7. — Left: Metallicities found in GRB Damped Lyman- 
ct systems as function of redshift. Filled circles mark metallici- 
ties selected from the literature with a rrows indicating lower lim- 
its (adopted from ISavaelio et~aT~|[2009l) . The filled square shows 
the position of GRB 090926A. The two points without error bars 
are for GRBs 030226 and 050505 for which no uncertainties for 
./Vjii have been reported. Right: Metallicity histogram in bins of 
Alog(Z/ZQ) = 0.3. Lower limits have been excluded here. 



logAn ~ 23.7 would correspond to a surface density of 
w 4x 10 3 M©pc -2 , comparab le to the H2 surfac e densities 
of circumnuclear starbursts (K ennicutt I IT998). Alterna- 
tively, the surface density can be reduced if the metallic- 
ity of the gas in the vicinity of the burst is higher that 
that traced by the DLA further out. 

4.3. Metallicities in GRB Damped- Lyman-a Systems 

With \og(Z/Z Q ) » -1.9 GRB 090926A has one of 
the most metal-poor DLA system found in a GRB so 
far. This is emphasized in Figure [7] where we show the 
metallicity as function of redshift for GRB 090926A to- 
gether with 18 GRB-DLAs collected from the literature 
(jProchaska et al. 1 120071 : ISavaglio et al. II2009D . The ad- 
dition of GRB 090926A to the sample strengthens the 
observation that the metallicity spread in GRB-DLAs 
at redshifts 2-3 spans at least two or ders of magni- 
tude, from nearly solar (GRB 000926; Sav aglio et al. I 
20031) to 1 /100th solar fGRB 090926A& GRB 050922C, 
Prochaska et al. 1120 08). At higher redshifts the sample 



becomes too small to draw statistically significant con- 
clusions. However, no trend with redshift is visible. For 
the whole sample (2.0 < z < 6.3), the mean metallicity 
is < log(Z/Z Q ) >= -1.04 ± 0.62. 

The immediate vicinity of a GRB is shaped by its pro- 
genitor and by the energetic explosion itself. UV pho- 
tons produced during the GRB, or from massive stars in 
the star forming region, ionize most of t he circumburst 
medium out to a large distan ce (e.g., iPerna fc Loeb I 
119981: IWaxman fc Draiiiel [2000) . Empirical constraints 
on the ionization radius have been obtained from 
UV/optical absorption line measurements for a number 



1.7 kpc from the explosion site 


e.g.. Prochaska et al. 


2006: Dessaugcs-Zavadskv et al. 2006; Vrecswiik et al. 


2006). While these values are si 


gnificantly larger than 



the ionization radii inferred from the Ah equivalent mea- 



surements in t he X-rays and the GR B ultra-violet lumi- 
nosity (« 3pc: IWatson et al~ll2007f l. they indicate that 
the low- ionization lines in the UV/optical spectra are 
not assembled from the immediate vicinity of the burst, 
but primarily from gas spread through kpc surrounding 
regions. 

Metallicity dispersion within a galaxy is well studied in 
the local Universe (e.g.. lShaver et al. 1119831 ICioni Il2009h 
and similarly expect ed for the host galaxie s of GRBs at 
higher redshift fe.g.. iPontzen et al. II2009I ). This would 
suggest that the chemical abundace derived from a DLA 
may differ from that of the molecular cloud in which the 
GRB progenitor was formed. The extremely low metal- 
licity revealed by the DLA of GRB 090926A does there- 
fore not immediately require a similarly metal poor pro- 
genitor star. It could have formed in a region with lower 
metallicity, but may also have been more chemically en- 
riched. As the same argument holds for the the whole 
sample of GRB-DLAs depicted in Figure [3 the observed 
spread in metallicity may not directly represent a similar 
spread in the chemical composition of the GRB progeni- 
tors. Instead, the scatter likely arises from a combination 
of the internal gas-metallicity dispersion in the individ- 
ual host galaxies as well as from the range of average 
metallicities of the galaxies included in the host sample. 

Previous studies have demonstrated that GRBs are 
preferentially formed in the most luminous regions of 
thei r host galaxies, indicating high star formati on activ- 
ity (jFruchter et al. II2006L ISvensson et al. Il2010t ). There- 
fore, the lines of sight probed by their DLAs are not 
completely random paths through the host galaxies. In- 
stead, they trace the neutral parts of the star forming 
regions in which the progenitors were formed, as well as 
molecular clouds, interstellar medium, and halo material. 
These components will differ in their chemical composi- 
tions and different sight lines will result in different net 
column densities and abundances. This interpretation is 
also been su pported by hydrodyn amical high-resolution 
simulations (|Pontzen et al. |[2009T ) which found metallic- 
ities of 10" 2 < Z/Zq < 1 for different GRB-DLA sight 
lines through their host galaxies. 

5. CONCLUSION 

GRB 090926A was an event of two extremes. It was 
likely one of the most energetic explosions detected so 
far and simultaneously showed one of the most metal 
poor GRB-DLA found until now. The large luminosity 
E 1 > 3.5 x 10 52 erg, coupled with a bright slowly decay- 
ing afterglow, allowed a detailed study of the temporal 
evolution of the optical transient. It furthermore enabled 
high signal-to-noise spectroscopy of the afterglow as late 
as one day post-burst with VLT/FORS2. 

With the spectrum we confirmed the redshift of the 
host galaxy of z = 2.1062 ± 0.0004 and discovered two 
intervening absorption systems at z — 1.946 ± 0.001 and 
z = 1.748 ± 0.001. Furthermore, we derived a neutral 
hydrogen column density of Am = 10 21 - 73±0 07 cm~ 2 and 
a metallicity of the neutral ISM along the line of sight in 
the host galaxy of log(Z/Z©) rs —1.9. 

We close this paper with one reminder. The DLAs 
found in GRB afterglow spectra are predominantly prob- 
ing the diverse conditions and sub-structures within the 
host galaxies. They therefore allow important insight 
into the gas and metallicity distribution in galaxies at 
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high redshift. The evolution of mctallicity and column 
densities with redshift is, however, challenging to access 
with the current number of GRB- DLAs. A much larger 
sample of sight lines is required to first characterize the 
intrinsic gas-metallicity dispersions, and before GRB- 
DLAs can be used reliably for cosmic chemical evolution 
studies. 
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TABLE 4 

Log of GROND optical photometry 



Tmid — To Exposure 
[ks] [s] 




Brightness" 
magAB b 
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Table 4 continued 
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19.61±0.03 


iq /i 7 in r\A 
iy.4 ( ±U.U4 


264.66 


369 


on /io_i_n nt; 


on 
ZU. 


15±0.03 


20.02±0.04 


i n 7nj.f1 nc; 

iy. / y±u.uo 


265.10 


369 


on /iQ_i_n n/i 
zU.4oztU.U4 


on 
ZU. 


17±0.03 


20.04±0.03 


1 o wj-n nQ 

iy. / ( ztu.uo 


265.55 


369 


on a c;_i_n n/i 
zU.4o±U.U4 


on 
zU. 


19±0.02 


19.98±0.03 


iy. / y±u.u4 


266.00 


369 


on /iQ_i_n n/i 
zU.4o±U.U4 


on 

ZU. 


21±0.03 


19.96±0.03 


iq 71 _i_n nQ 
iy. / iztu.uo 


331.28 


369 


on C2-Un nfi 
zU.ftoztU.Uo 


on 

ZU. 


57±0.05 


20.35±0.05 


on i ^-Ln ri7 
ZU. loztU.U i 


331.74 


369 


on Qc;_i_n 
zU.oOztU.UO 


on 

ZU. 


57±0.03 


20.28±0.03 


on no-Ln n/i 
zU.uy±U.U4 


332.19 


369 


on Q7-i_n c\k 
zU.o / ztU.UO 


on 

ZU. 


55±0.03 


20.38±0.04 


on T 7-!~n CiA 
ZU.l i ±U.U4 


332.64 


369 


on ot ~un c\a 
zU.ylztU.U4 


on 

ZU. 


59±0.03 


20.34±0.04 


on t a J~n r\A 

ZU. 14ltU.U4 


355.58 


369 




20. 


80±0.05 


20.54±0.05 


on Q4+f) f)(S 


356.02 


369 


21.11±0.05 


20. 


83±0.04 


20.58±0.05 


20.29±0.05 


356.47 


369 


21.14±0.04 


20 


75±0.03 


20.56±0.04 


20.30±0.05 


356.93 


369 


21.09±0.06 


20. 


84±0.03 


20.56±0.04 


20.40±0.07 


419.04 


4x369 


21.15±0.10 


20. 


88±0.06 


20.61±0.07 


20.45±0.08 


1300.22 


4x369 


23.45±0.12 


23 


16±0.09 


>22.67 


>22.47 


1635.15 


4x369 


>23.48 


23 


64±0.12 


>22.68 


>22.43 


1808.91 


8x369 


24.13±0.15 


23 


87±0.12 


>23.17 


>22.98 


2070.84 


8x369 


>24.24 


24 


02±0.10 


>23.44 


>23.32 


2840.06 


12x369 


>23.99 


>23.98 


>23.29 


>23.02 



a Corrected for Galactic foreground reddening 
6 For the SED fitting, the aditional error of the absolute calibra- 
tion of 0.05 mag was added 
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TABLE 6 

Log of GROND near-IR photometry 



Tmid ^ To 


Exposure [s] 




Brightness 12 




Iks] 


[s] 




magAB b 








J 


H 


K,s 


265.36 


120 x 10 


19.44 ± 0.04 


19.24 ± 0.04 




331.98 


120 x 10 


19.88 ± 0.04 


19.52 ± 0.04 


19.27 ± 0.09 


356.28 


120 x 10 


20.03 ± 0.04 


19.77 ± 0.07 


19.55 ± 0.09 


419.06 


120 x 10 


20.01 ± 0.06 


19.80 ± 0.07 


19.57 ± 0.13 



"Corrected for Galactic foreground reddening, but converted to 
AB magnitudes. 

b For the SED fitting, the aditional error of the absolute calibra- 
tion of 0.05 (J and H) and 0.07 {Kg) mag was added quadratically 
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